
Applied Physics Research; Vol. 9, No. 4; 2017 
ISSN 1916-9639   E-ISSN 1916-9647 

Published by Canadian Center of Science and Education 

1 

Frequency Response Simulation Analysis of Waveguide 
Photodetectors 

João Paulo N. Torres1 & Jorge Pereira1 

1 Instituto de Telecomunicações, DEEC/ Instituto Superior Técnico, Universidade de Lisboa, Lisboa, Portugal 
Correspondence: João Paulo N. Torres, nstituto de Telecomunicações, DEEC/ Instituto Superior Técnico, 
Universidade de Lisboa, Lisboa, Portugal. E-mail: joaotorres@tecnico.ulisboa.pt 
 
Received: April 26, 2017 Accepted: May 3, 2017 Online Published: July 18, 2017 
doi:10.5539/apr.v9n4p1                 URL: https://doi.org/10.5539/apr.v9n4p1 
 
Abstract 
In waveguide photodetectors the bandwidth and the quantum efficiency may be specified almost independently 
because the absorption of light is in the longitudinal direction whereas the current flows in the transversal direction. 
Then, these devices may combine high bandwidth with high quantum efficiency. In this paper a detailed numerical 
analysis of the frequency response of waveguide photodetectors is presented. The calculations show that the 
capacitive effects limit the bandwidth but that by an appropriate choice of a series inductance the maximum 
bandwidth almost doubles.  
Keywords: photodetector, waveguide photodetector, frequency response, modeling 
1. Introduction  
Optical communication systems rely on photodetectors characterized by high bandwidth and high quantum 
efficiency. The bandwidth determines the bit-rate of the optical communication system whereas the quantum 
efficiency is related to the detector´s sensitivity. 
The most important and basic photodetector device is the double heterojunction semiconductor pin photodiode 
(Bowers & Burrus, 1987). For optical communication systems, working in the 1.3-1.6 μm range, the detector´s 
absorption region is usually the ternary In0.53Ga0.47As semiconductor and the n and p contacts are of lattice matched 
InP (Pearsall, 1980). In the conventional pin photodetectors the bandwidth and quantum efficiency cannot be 
optimized simultaneously. In fact by decreasing the absorption region length there may be an increase of the 
bandwidth but the quantum efficiency decreases leading to a product bandwidth×quantum efficiency which is 
nearly constant for a wide range of absorption region lengths, taking values of the order of tens of GHz (Fernandes 
& Pereira, 2011).  
The independent control of the bandwidth and quantum efficiency may be obtained if the illumination is in the 
direction perpendicular to the current. In this way the transversal and longitudinal dimensions may be adjusted 
independently, i.e., the bandwidth and the quantum efficiency. The first photodetectors based on this concept were 
named Waveguide Photodetector (WGPD) where the waveguide itself is the absorption layer of the photodetector 
(Kato et al., 1992). For this device, by increasing the length of the absorption region and decreasing its thickness, 
it is possible to obtain high quantum efficiency and high bandwidth. 
This paper investigates the frequency response of pin WGPD. The capacitive and inductive effects are included in 
the model. It is shown that the inductive effects may cancel in part the capacitive effects which lead to an increase 
of the photodetector´s bandwidth. 
2. Structure 
The structure under study is represented schematically in Figure 1. The absorption region is of In0.53Ga0.47As and 
the p and n regions are of InP. Light is incident from the left and is absorbed in the ternary semiconductor along 
the longitudinal direction. The metallic contacts are deposited on the top of the InP regions and the device is reverse 
biased in the transversal direction. Without illumination the absorption region is depleted of carriers and the 
electrical field in this region is approximately constant. The electron-hole pairs generated by the illumination, 
when subjected to the electric field, travel in opposite directions to the contacts and a current may be established 
in the transversal direction. 
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Figure 1. Schematics of the waveguide photodiode structure 

 
3. Modeling 
3.1 Transit Time Effects 
The continuity equations for holes and electrons in the absorption region may be written as: 
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where vp and vn, Dp and Dn, τp and τn are the hole and electron saturation velocities, diffusion coefficients and 
lifetimes respectively. α is the absorption coefficient, g0 the incident photon flux at x=0 and δ(t) the unit impulse 
function. 
By assuming that all the photo-generated carriers, due to the electric field, are instantly carried away in the y-
direction, the hole and electron density in the frequency domain, P(x,y) and N(x,y), may be expressed by 
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The current density in the frequency domain depends on the electron and hole density and may be obtained from: 
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The frequency response of the WGPD structure shown in Figure 1 is obtained by considering the transit time, 
capacitive and inductive effects. 
The total photocurrent density in the photodetector may be written as: 
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3.2 Capacitive and Inductive Effects 
The capacitive and inductive effects may be included in the model by using the small signal equivalent circuit for 
the pin structure, Figure 2 (El-Batawy & Deen, 2005). 
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Figure 2. Small signal equivalent circuit for the pin structure 

 
In the circuit C1 represents the capacitance involving the absorption layer, Cp is the parasitic capacitance, LS is the 
parasitic inductance and RL is the load resistance. The leakage and series resistance are represented by Rp and RS 
respectively. 
C1 may be written as 

 
1 a

AC
d
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 (5) 

with A being the cross-sectional area of the device and εa the electric permittivity of the semiconductor material 
used in the absorption region. 
For this circuit, the transfer function, neglecting Rp, may be written as: 
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The frequency response of the device may be computed in the frequency domain by performing the product 
between the frequency response due to the transit time effects and the frequency response associated with the 
capacitive and inductive effects: 
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where I0 is the low frequency response of the photodiode associated with the transit time effects. 
4. Results and Discussion 
The density of electrons and holes in the frequency domain is represented in Figure 3 and 4 respectively. The 
device is assumed to have: d= 0.6 μm, L= 2 μm. The relative electric permittivity for the absorption region is 14.1 
and its absorption coefficient α= 0.68 μm-1 for λ= 1.55 μm. The electron and hole saturation velocities, vn and vp, 
are assumed to be 6.5×104 m/s and 4.8×104 m/s respectively and the electron and hole lifetime τn= τp= 20 μs (Das 
& Deen, 2005). The density is in arbitrary units, but they can be used for comparison purposes because they are 
identically scaled.  
The electrons move along the negative y direction, and thus, the carrier density has a tendency to rise along that 
direction, Figure 3. The signal frequency also plays a significant role in the position dependence of the electron 
density, as shown in Figure 3(a) and Figure 3(b). For higher frequencies, the high density positions are further 
away from the positive electrode (y=0), indicating a lagging of carriers. Similarly the hole density has a tendency 
to rise along the positive y direction, Figure 4. At higher frequencies the peak of the hole density lags further 
behind the negative electrode (y=d). 
The photocurrent density is dependent on x and is represented in Figure 5, as a function of frequency, for x= 0; 
0.8 and 1.6 μm. It is seen that higher current densities are obtained at x=0, where the electron-hole photo-generated 
pairs density is larger. An increase of frequency decreases the current density. 
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Figure 3. Distribution of electron density at several frequencies. The y scale is multiplied by 0.02 and the x scale 
is multiplied by 0.5 to get the corresponding lengths in μm 
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Figure 4. Distribution of hole density at several frequencies 
 
The bandwidth as a function of the absorption region width is shown in Figure 6 where the capacitive and inductive 
effects have been included. It is assumed that the length L and width W of the device are 20 μm and 6 μm 
respectively and that RS= 6 Ω, RL= 50 Ω and Cp= 6 fF.  When the capacitive effects are included the maximum 
bandwidth is 46 GHz for a thickness d= 0.41 μm, which agree with other published results for similar structures 
(Umbach et al., 1996). 
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Figure 5. Current density as a function of frequency 
for several values of x 

Figure 6. Bandwidth versus d for LS= (1) 0; (2) 
0.02 nH; (3) 0.2 nH; (4) 0.4 nH 

 
Decreasing the area of the metallic contact, the series resistance and the parasitic capacitance, higher bandwidths 
may be obtained. By including a parasitic inductance it is possible to cancel in part the capacitive effects. With an 
inductance LS= 0.2 nH the bandwidth is seen to reach a maximum of about 70 GHz, for thicknesses in the range 
0.5-0.6 μm. Figure 7 shows the bandwidth as a function of LS for several values of the absorption region thickness. 
It is seen that the frequency response may be optimized by the proper choice of LS for each value of d, e.g., when 
d=0.1, 0.6, 0.8 and 1 μm the maximum bandwidth is obtained for LS= 0.25, 0.2, 0.25 and 0.35 nH and it takes the 
value 26, 68, 64 and 60 GHz respectively. It is also important to notice that, except for the device with d=0.1 μm, 
the inductive effects always lead to an increase of the device´s bandwidth. 
 

 
Figure 7. Bandwidth versus LS for d= (1) 0.1 μm; (2) 0.6 μm; (3) 0.8 μm; (4) 1 μm 

 
Therefore, the bandwidth optimization procedure has to take into account the photodetector dimensions, parasitic 
resistances and capacitances and the load resistance in the choice of the series inductance. 
5. Conclusions 
Waveguide photodetectors are more versatile than the conventional pin photodiodes because the bandwidth and 
the quantum efficiency may be controlled almost independently. This paper investigates the frequency response 
of a waveguide photodetector. By decreasing the thickness of the absorption region the bandwidth increases and 
reaches a maximum for d= 0.4 μm. The existence of this maximum can be related to the capacitive effects which 
are dominant for smaller thicknesses. Above 0.4 μm the bandwidth is mainly dependent on the transit time effects. 
The inclusion of a small parasitic inductance has an important effect on the bandwidth. It is shown that the properly 
optimized device may double its bandwidth. 
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